We aimed to establish the frequency of postoperative bony dehiscence overlying the mastoid portion of the facial nerve after round window membranous cochleostomy using high-resolution computer tomography, and to ascertain whether this was associated with a higher incidence of facial nerve injury compared with other studies. We also evaluated the usefulness of the St Thomas' classification in predicting the possibility of performing round window insertions.
INTRODUCTION
Iatrogenic facial nerve (FN) paralysis is one of the most feared complications in otological surgery. During cochlear implantation (CI), the surgeon works very close to the mastoid portion of the facial nerve (MPFN) while creating the posterior tympanotomy (PT). Nevertheless, CI is a safe procedure, with an estimated rate of facial nerve paralysis of 0.3% [1] . We routinely use the round window membrane (RWM) cochleostomy approach for electrode insertion because it enables the surgeon to see the scala tympani directly and is a well-established method of electrode insertion [2] . It has also been shown to cause less damage to remaining cochlear neuronal tissue than a bony cochleostomy anterior and superior to the round window (RW) [3, 4] . Round window membrane cochleostomy cannot be performed unless the surgeon is able to see enough of the RWM, which lies more posterior than in a conventional cochleostomy. Achieving this degree of exposure requires a 'perfect' PT with an intact tympanic annulus and posterior canal wall, with maximum thinning of the bone overlying the chorda tympani and the MPFN. This enables optimum surgical access to the RWM. The extent of exposure is graded using a classification system developed at St. Thomas' Hospital, which assists in deciding between conventional electrode insertion and RW cochleostomy ( Figure 1 and Table 1 ) [5] . To date, our success rate with Type I and Type IIa exposure of the RWM is more than 85% of cases.
The aim of this study was to establish the frequency of postoperative bony dehiscence overlying the MPFN after RWM cochleostomy using high-resolution computed tomography (HRCT), and to ascertain whether this was associated with a higher incidence of facial nerve injury compared with figures from the literature. We also wished to evaluate the St Thomas' Hospital classification to assess its usefulness in predicting the possibility of performing RW insertions.
MATERIALS and METHODS
A practical classification to ascertain the accessibility of the RWM through the PT was developed at St Thomas' Hospital (Table 1) , which was used in our study [4] . We performed a retrospective review of our cochlear implant database from 2004 to 2008. Relevant images were reviewed, and 25 patients had appropriate submillimetric source data for analysis. HRCT examinations were performed using a Philips Brilliance 40 scanner (Philips Healthcare, Surrey, United Kingdom; 100 mA, 120 kV, 768 ´ 768 matrix, 0.8 mm slice thickness with 0.4 mm z-axis reconstruction). Operated and unoperated ears were analysed to determine the incidence of natural bony dehiscence. Imaging extended from the posterior genu to the stylomastoid foramen. A facial nerve canal defect was defined as the presence of a breech in the bony canal wall in at least one section, with multiplanar reformats used to aid decision-making. This was assessed by two raters (a consultant neuroradiologist and an otologist) and a consensus was reached in all cases. Figure 2 shows an example of radiological dehiscence of the MPFN.
Informed consent was obtained from all study participants. This study was undertaken with approval from the clinical audit and research department at the Guy's and St. Thomas' Hospitals NHS Foundation Trust.
RESULTS
Twenty-five patients were involved in this study, two of whom were operated on bilaterally. Hence, scans of 27 ears from 25 patients were reviewed ( Table 2 ). The median age at the time of implantation was 34 years (range 2-81 years). Eighteen patients (72%) were classified as having a Type I RW (Table 3 ). Of the remaining seven cases, three were classified as having a Type IIa RW, four as having a Type III RW. Twenty-one (84%) patients underwent an RW insertion.
Dehiscence of the MPFN in the unoperated ear was present in two patients. The radiological dehiscence of MPFN was identified in 10 implanted ears, resulting in a radiological dehiscence rate of 40% (Table 3). The radiological dehiscence rate was 39% (7 out of 18 patients) for Type I RWs, 33% (1 out of 3) for Type IIa RWs, and 50% for Type III
Classification Description
Type I The round window area is fully exposed after the bony overhang is removed and the entire round window membrane can be seen.
Type II a The bony overhang can be partially removed exposing between 50 and 99% of the round window membrane.
Type II b Between 1 and 49% of the round window is exposed.
Type III No round window membrane can be seen despite best surgical efforts. Table 1 . St Thomas's classification of round window accessibility with recommended type of surgical approach [5] Figure 1. St. Thomas' Classification of round window accessibility with recommended type of surgical approach [5] Classification of Round Window Accessibility The surgical notes for the 25 patients were retrieved and analysed. Amongst the cases where the status of the MPFN was mentioned, there were three where the surgeon specifically stated that he had uncovered the bone overlying the MPFN, and they were also captured on HRCT. None of the 25 patients developed any facial nerve palsy.
DISCUSSION

Synopsis of Key/New Findings
We aimed to assess the postoperative radiographic incidence of MPFN dehiscence in RWM cochleostomy and found a postoperative MPFN dehiscence rate of 40% without facial palsy. In contrast, Fayad et al. [6] reported a rate of facial palsy after CI of 0.71%. De Stefano et al. [7] provided various pathophysiological mechanisms to explain why delayed palsy occurs. These include ischaemia, vasospasm, neural devascularisation, immune reactions, and viral reactivation, which might lead to neural oedema [7] . In a retrospective study in 11 patients with iatrogenic facial nerve palsy, Marina et al. [8] reported that the commonest site of injury was at the second genu. In these cases, the aditus ad antrum had been drilled too inferior and posterior in relation to its actual position. Ten out of 11 cases were classified as HB Class V or lower, and they all improved to HB Class III or better after decompression [8] .
It is currently believed that natural dehiscence of the MPFN is low relative to the tympanic portion [9] . Using unoperated ears as controls, we found natural dehiscence of the MPFN in two of our 25 patients. This may be an underestimation because defects smaller than 1 mm are not usually visible with HRCT [10] . Yu et al. [11] found that the MPFN was pathologically exposed in 3.3% of cases, with a range of between 1.2 and 6.4 mm. The incidence of MPFN dehiscence was 12% in another series [12] . Both of these studies were in subjects with pre-existing middle ear diseases, which implies that they may not be comparable to our patients.
The St Thomas' Hospital Classification was found to be useful in predicting RW insertions because all Type I RWs underwent successful RW insertions. However, there was no correlation between the Type of RW and the radiological dehiscence rate. This might have been due to an inadequate sample size but it appears that regardless of the classification used, there is a greater than one in three chance of creating a radiological dehiscence over the MPFN.
The best approach to cochleostomy is controversial, and cochleostomies made anteroinferior to the RW are still widely practised. As with RWM cochleostomy, Briggs et al. [3] have shown that inferior cochleostomy requires increased access to the region of the RW niche, involving complete facial recess dissection, with complete skeletonisation of the nerve and wide dissection of the chorda tympani. The drilling required occurs very close to the chorda tympani-facial nerve angle, thus putting both nerves at risk. Although this should be possible with a thorough knowledge of anatomy, the same author has stated that many CI surgeons are not confident enough to perform complete facial recess dissection [13] . On the other hand, there is much evidence that an anterior cochleostomy can result in scala media or vestibuli insertions [14] . Cochleostomies placed without visualising the RW are likely to be anterior, and hence more likely to enter the scala vestibuli [3] .
Comparisons with Other Studies
The facial nerve dehiscence rate in our study was lower than that in a self-reported survey of surgeons published by Adunka et al. [15] , who reported that 65% of respondents routinely identified the facial nerve in the facial recess during CI. The reason for this difference is that we assessed radiographic dehiscence and not identification of the facial nerve, which can be done either based on anatomical knowledge, actual visual confirmation via uncapping of the bony covering (surgical dehiscence), or facial nerve monitoring. The bony cover overlying the MPFN can be drilled off without formally having identified the facial nerve, which may or may not be recorded in surgical notes.
The importance of skeletonising the FN during CI surgery can also be explained histologically. In Meshik's study, computed tomographic analyses of human temporal bones were studied, with the sole purpose of determining the best CI insertion trajectory. Many different insertion vectors were examined. In cases where the most favourable trajectory was to the scala tympani, the path often touched the lateral surface of the mastoid segment of the facial nerve, or even intersected the nerve. This emphasises that the facial recess must be adequately enlarged, with removal of all but a thin shell of bone anterolateral to the facial nerve to assure an implantation trajectory as close as possible to the centreline of the scala tympani. The facial nerve is therefore a critical landmark and must be well skeletonised within the Fallopian canal to assure the straightest vector of insertion [16] . In another study using a similar model, it was shown that the posterior border of the RWM was often obscured by the MPFN. Therefore, starting the PT just above the level of the MPFN would provide the best opportunity for RWM accessibility [17] . Moreover, RWM cochleostomy can be achieved in a vast majority of CI cases. A study by Gudis et al. [18] with 130 patients demonstrated a RW insertion success rate of 85%. Only 11 patients underwent a bony cochleostomy because the RW was positioned too far posteriorly relative to the MPFN [18] . We would commence our posterior tympanotomy routinely just above the MPFN, with the aim to thin the bone overlying the MPFN to less than 1 mm. Although we do not uncap it deliberately, we dissect fairly close to it, to a point where it can be seen through the bone. Hence, the likelihood of achieving radiological MPFN dehiscence is higher with our approach. This, however, does not equate to surgical dehiscence and a distinction should be made between the two. Also, it is our practice to remove the bony overhang of the RW niche, because it increases the exposure of the RWM. This facilitates the usage of the St. Thomas' Hospital Classification and electrode insertion along the scala tympani lumen rather than towards the modiolus [19] .
Strengths and Weaknesses of the Study
Our study benefited from the objective use of HRCT. All subjects were scanned using a uniform protocol.
A number of weaknesses need to be addressed. First, only 25 CT images of sufficient resolution were retrieved for analysis. To reproduce the rate of iatrogenic FN paralysis of 0.3% quoted in the introduction, an a-priori sample size of at least 300 scans would have to be reviewed to discover one case. This was not possible as we used HRCT routinely only between 2004 and 2009. HRCT was used to visualise the number of intracochlear electrodes to facilitate mapping by the audiology staff, but was abandoned due to concerns of excessive radiation [20] . Despite this, we consider the cases retrieved to be representative of the general CI population, with a reasonable case mix of adults and children, so we believe that our study gives a valid snapshot of the surgical anatomy. Second, preoperative HRCTs were not routinely done to establish the presence of natural MPFN dehiscence. However, it is reasonable to conclude that iatrogenicity was the main contributing factor based on the rate of 8% for MFPN dehiscence calculated on the contralateral ears and our postoperative MPFN radiological dehiscence rate of 40%. Larger studies with pre-and postoperative HRCT scans are required to investigate the relationship between iatrogenic FN dehiscence and palsy. A third limitation is that the MPFN status was often not recorded in the patients' surgical notes. We estimated that between 12% and 40% of bony coverings were unroofed during PT (three cases of clinically recorded dehiscence and nine cases of radiological dehiscence in our sample).
The present HRCT resolution is too low to enable the chorda tympani nerve to be identified. We also did not use the radiological scoring system for scala tympani insertion to investigate the relationship between the St Thomas' Hospital Classification and scala tympani insertion, because it has not been validated and can only be used to compare two Groups. It would be worthwhile to conduct adequately powered prospective studies of patients undergoing RWM cochleostomy to further quantify the risks involved.
In conclusion, The St Thomas' Hospital Classification was found to be a useful predictor in RWM cochleostomy. Our radiological MPFN dehiscence rate was lower than that in the literature. Thinning of the MPFN to the point of radiological dehiscence does not put the facial nerve at risk. The results of the current study suggest that creating the perfect posterior tympanotomy where the bone overlying the MPFN has to be maximally thinned does not pose undue danger to the facial nerve.
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